Intense manipulation during beef jerky production increases the possibility of contamination with pathogenic microorganisms. This study evaluated the contamination by thermotolerant coliforms, Escherichia coli and Salmonella spp., on processing surfaces and raw materials during beef jerky production, as well as in the final product. Thermotolerant coliforms were found on all surfaces tested and in the raw material. Escherichia coli was identified in 6.7% of the surface samples, while Salmonella spp. was found in 3.3% of the surface samples and 8.6% of raw material samples. Virulence genes were detected in Salmonella spp. isolates. One Salmonella spp. isolate was resistant to sulfonamide, while one E. coli isolate was multiresistant, including the presence of resistance genes sul2, strA, strB, tetA and tetB. The presence of coliforms demonstrates failings in hygienic-sanitary procedures. The presence of pathogenic microorganisms causing foodborne diseases in the production line indicates persistent contamination in the production plant. Although the drying process applied to beef jerky should guarantee the safety of the final product, the presence of multiresistant pathogenic microorganisms, presenting virulence genes, should be a matter of concern. Because beef jerky is a ready-to-eat product, a failure in the production process may cause such microorganisms to pose a public health risk.
INTRODUCTION
Beef jerky is a cured and dried meat product made from beef, thermally processed and stable at room temperature (Brasil 2011) . The final product is highly nutritious, with low fat and high content of protein and iron (Calicioglu et al. 2002) . The long shelf life of beef jerky, up to 12 months, is due to the low water activity, 0.80, and the 0.75/1 humidity/protein ratio (Gormley et al. 2010; Brasil 2011) .
The traditional way of producing beef jerky consists of slicing a whole piece of meat, followed by marinating, curing, drying and packaging of the slices (Choi et al. 2008; USDA/FSIS 2012) . Different parameters can be combined, such as the type of meat, the spice composition used in marinating, length of curing and drying in addition to the use of preservatives, depending on the desirable stability and sensory characteristics of the final product (Calicioglu et al. 2003; Petit et al. 2014) .
Although the manufacturing process and the inherent characteristics of the final product provide barriers to microbial survival and growth (Calicioglu et al. 2002) , extensive handling during beef jerky processing may increase the possibility of cross-contamination with pathogenic microorganisms such as Salmonella spp. and Escherichia coli (USDA/FSIS 2003; USDA/FSIS 2011; USDA/FSIS 2013; Cavallo 2014 ; USDA/FSIS 2014a). Between 1966 and 1995 in New Mexico-USA, eight food-poisoning outbreaks (250 confirmed cases) were associated with the consumption of beef jerky contaminated with Salmonella (Eidson, Sewell and Graves 2000) , as well as an outbreak in 1995 involving E. coli O157:H7 also associated with the ingestion of this product in Oregon-USA (Keene et al. 1997) . The presence of Salmonella and E. coli in the food-processing environments should be constantly evaluated; it is also crucial to evaluate virulence genes of the microorganisms eventually isolated (Chapman et al. 2006; Crαciunas et al. 2012) .
Salmonella and E. coli isolates that are resistant to antibiotics, and particularly those that are multidrug resistant, pose a threat to public health (WHO 2015) . In recent decades, a dramatic increase in the resistance of these isolates has been attributed to the indiscriminate use of antibiotics as therapeutic or prophylactic agents in human and veterinary medicine, leading to the selection of resistant strains (Hur, Jawall and Lee 2012; Kadlec et al. 2012) .
As beef jerky consumption is low in Brazil, the production is directed to export, mainly to the USA, the UK and Japan. Therefore, the Brazilian legislation that regulates beef jerky production is in accordance with international regulations, as can be observed in a USDA audit recently performed in Brazilian production plants (USDA 2014b) . The main quality control for beef jerky is monitoring the thermal process (time and temperature) during production. Brazilian legislation (Brasil 2011 ) demands rigorous control of time and temperature, as this method is effective to neutralize the lethality of pathogens and achieve the product's microbiological stability, with 0.80 water activity and moisture/protein ratio of 0.75:1. As beef jerky is a ready-to-eat product, Brazilian legislation mandates that the final product must be tested for pathogens (Brasil 2001) . Therefore, studies about pathogen contamination in the production line are necessary; besides this, there are no studies with this approach in Brazil.
The objective of this study was to evaluate contamination by thermotolerant coliforms, E. coli and Salmonella spp. on processing surfaces and raw material during beef jerky production steps, as well as in the final product. Furthermore, we investigated the presence of virulence genes in the bacterial isolates, as well as phenotypic and genotypic characteristics against antimicrobial agents.
MATERIALS AND METHODS

Sample collection
Samples were collected from a beef jerky production line on five different production days (n = 5), in February and June 2014. Collection dates coincided with the dates of beef jerky production, according to the industry exportation calendar. Each collection was considered as a replication.
Sanitization procedures
All employees entering the plant must wear white pants and a white button-less coat, which must be changed daily. In addition, the use of helmet, cap and white boots is also mandatory. At the entrance of the production line, all employees must pass through a sanitary barrier with hygiene of the boots, hands and forearms (Brasil 2005) .
In addition, at the production line, after heat treatment of beef jerky, the product enters a restricted area. Employees working in this area must pass through a new sanitary barrier, changing clothes and sanitizing boots, hands and forearms.
All equipment, including trolleys, shelves, metal detectors, knife sterilizers, scissors, forks, baskets and spatulas are sanitized as described.
Industry at the end of production period. Equipment such as slicer, belts, tumbler, chiller, drying chamber and the marination mixer, tank and injectors were disassembled, solid residues were removed and a prewash with hot water was performed. Afterwards, alkaline detergent foam (Spartan R do Brasil Produtos Químicos Ltda.) was applied to the equipment surfaces, followed by a mechanical action with a nylon sponge and subsequent rinse.
Floor, walls and doors of chilling, cure and waiting chambers were brushed and prewashed with chlorinated water at room temperature. Final cleaning was performed with brushing using powdered detergent (Pisoclean R ) (remaining for 30 min to allow full action) followed by water rinse. The packaging machine and the storage sector were sanitized in the same way.
Industry before start of production period. Sanitizer (Sanitizante Industrial, LimSept R ) is applied to all unassembled equipment and kept for 20 min to act before rinsing with pressurized hot water.
Processing surface samples
In each collection, samples were collected before the start of the production period and after the equipment sanitation process described above. Samples were collected from six processing surfaces (n = 30) that had direct contact with the product: plastic monoblock (n = 5), tumbler (n = 5), slicer belt (n = 5), drying rack (n = 5), production room belt (n = 5) and packing room belt (n = 5). Collections from all the equipment were performed in a 100 cm 2 area with swab-sampler R (3M), except for drying rack, where sample area was 10 cm 2 .
Raw material and final product samples
On each one of the five collection days, samples were always collected from the same batch. Collections were performed at the following points: raw meat (outside flat), after marination, after cure, at the drying racks, after drying and after packing. Samples were randomly collected and consisted of ∼50 g of the product stored in sterile bags until arrival at the laboratory.
Microbiological analysis
The Brazilian National Agency of Sanitary Surveillance (ANVISA), through RDC 12 (Brasil 2001) , establishes as a microbiological standard for matured meat products, including beef jerky, the absence of Salmonella in 25g of the product and a maximum limit (3 Log MPN. g −1 ) of thermotolerant coliforms, with no requirement for Escherichia coli analysis. Based on this legislation, Salmonella spp. analysis was only qualitative, while coliforms and E. coli were evaluated qualitatively and quantitatively.
Enumeration of thermotolerant coliforms
Swabs collected from the processing surface (100 cm 2 ) were transferred to sterile bags containing 90 mL of 0.85% saline solution. Raw material and final product samples (25 g) were added with 225 mL of 0.85% saline solution and homogenized in a stomacher. Serial dilutions were performed from these initial preparations.
After decimal dilution of the samples, 1 mL aliquots were transferred to a series of three 10 mL test tubes containing inverted Durham tubes and Sodium Lauryl Sulfate broth (Micromed R ); tubes were incubated at 37
• C for 48 h. From each tube with positive reaction (gas formation in the Durham tube), an aliquot was transferred to another tube containing inverted Durham tube and E. coli broth (Micromed R ), followed by incubation in a water bath at 45
• C for 48 h. The combination of positive and negative tubes was checked in the most probable number (MPN) 
Salmonella spp. isolation, identification and serotyping
Samples were pre-enriched by transferring the swabs collected from processing surfaces to sterilized bags containing 90 mL of Buffered Peptoned Water (BPW, Acumedia R ) and 0.4 mL of Salmonella supplement, while the samples of raw material (25 g) were added to 225 mL of BPW and 1 mL of Salmonella supplement. Samples of raw material were homogenized in a stomacher and incubated at 42
• C for 24 h. 
Molecular confirmation of Salmonella spp. and Escherichia coli and detection of virulence genes
The colonies with morphological characteristics of Salmonella spp. and E. coli were collected from the tests described above and subcultured in Tryptone Soy broth (Acumedia R ) and incubated at 37
• C for 24 h for DNA extraction by glass beads technique (adapted from Green and Sambrook 2012). DNA was quantified by Eppendorf Bio Spectrometer kinetic (Eppendorf R ). Isolates with Salmonella spp. typical characteristics were submitted to polymerase chain reaction (PCR) in an MJ Research PTC 100 thermocycler, for the identification of hilA gene, specific for the genus Salmonella. Reaction was carried out with hilA primer, with an amplification product of 413bp (Craciunas et al. 2012) . For each reaction, 12.5 μL of 2× GoTaq R Green Master Mix (Promega), 10 pmol of forward and reverse primers, 20 ng of DNA and ultrapure water were added to a final volume of 25 μL. PCR was performed with the following cycles: 94
• C/4 min for initial denaturation followed by 30 cycles of 94
• C/1 min, 63
• C/1 min and
72
• C/1 minute. Final extension was at 72
• C/10 min.
Four virulence genes: sefA and pefA (fimbriae expression and cell adhesion), invA (promotes the internalization of bacteria) and spvC (involved in systemic infection) were also evaluated. These genes amplified products of 330 bp (Woodward and Kirwan 1996) , 497 bp (Haneda et al. 2001) , 521 bp (Swamy et al. 1996) and 669 bp (Swamy et al. 1996) , respectively. PCR conditions for these genes were: 94
• C/2 min for initial denaturation Assumed E. coli isolates were submitted to PCR for detection of uspA gene, specific for the species. For identification of E. coli 0157:H7, genes rfbO 157 (somatic antigen) and fliC H7 (flagellar antigen) genes were evaluated. Other virulence genes evaluated were: stx1 (shiga toxin 1), eae (intimin) and hlyA (alphahemolysin). PCR conditions for each primer were the same as those used in the papers listed in Table 1 .
Amplification products were separated by 1.5% agarose gel electrophoresis (Invitrogen R ) and visualized in a transilluminator (Loccus R ).
Antimicrobial resistance profile and detection of antimicrobial resistance genes
The agar disc diffusion technique was used according to the Clinical and Laboratory Standards Institute (CLSI 2015 Isolates showing antimicrobial resistance profile were submitted to PCR assay for the detection of resistance genes. The following genes were tested: for β-lactam (blaZ) (Martineau et al. 2000) ; for aminoglycosides (strA, strB) (Kehrenberg and Schwarz 2001; Kikuvi et al. 2007 ); for tetracyclines (tetA, tetB) (Frech and Schwarz 2000); and for folate synthesis inhibitors (sul1, sul2) (Kerrn et al. 2002; Grape, Sundström and Kronvall 2003) , according to protocols described by the primers' authors.
Statistical analysis
Microorganism counts were statistically evaluated with Statistica 7.0 (Statsoft 2004) . Two different two-way analysis of variance models were conducted to analyze the MPN: one having processing surfaces (MPN.cm −2 ) as the independent variable of interest; another having the raw material (MPN.g −1 ) as the independent variable. In both models, the collection day and its interaction with both independent variables were also included. Data were presented as mean and standard error and statistical significances of all experimental data were accepted at probability of P < 0.05.
RESULTS
Microbiological analysis
Thermotolerant coliforms were found on all sampled surfaces with similar counts. In the raw material samples, higher counts were observed after marination, cure and drying stages (Table 2) .
Escherichia coli was detected in 6.7% (2/30) of the samples from processing surfaces (isolates E1 and E2); however, it was not found in raw material samples, nor in the final product.
Salmonella spp. was detected in 3.3% (1/30) of the processing surface samples and in 8.6% (3/35) of the raw material samples; however, the pathogen was not found in the final product. The isolate from the processing surface (drying rack) was identified as Salmonella enterica subsp. enterica (O:4,5) (isolate S1). Raw material samples presented Salmonella ser.Typhimurium after the slicing step (isolate S2), and Salmonella enterica subsp. enterica(O:4,5) after marination (isolate S3) and at the drying racks (isolate S4) ( Table 2 ).Molecular confirmation of Salmonella spp. and E. coli isolates and detection of virulence genes
All isolates with characteristic reactions in conventional microbiological analysis were confirmed as Salmonella spp. (n = 4) and E. coli (n = 2) by detection of hilA and uspA genes, respectively. All four Salmonella spp. isolates presented invA gene and two of four the pefA gene, whereas none of the isolates presented the spvC and sefA genes. The two E. coli isolates were not of serotype O157:H7 (negative for rfbO 157 and fliC H7 genes), and did not carry the virulence genes stx1, eae and hlyA (Table 3) .
Antimicrobial resistance profile
Three (S2, S3 and S4) of four Salmonella spp. isolates showed sensitivity to the 14 tested antimicrobials, while isolate S1 showed Est, Cip a a Amp = ampicillin, Cfl = cephalothin, Est = streptomycin, Nal = nalidixic acid, Tet = tetracycline, Clo = chloramphenicol, Cip = ciprofloxacin, Sul = sulfonamide.
resistance to sulfonamide. From the E. coli isolates, E1 was sensitive to all tested antibiotics, while isolate E2 was multidrug resistant, showing resistance to ampicillin, cephalothin, tetracycline, chloramphenicol, nalidixic acid and sulfonamide, and showing intermediate resistance to streptomycin and ciprofloxacin (Table 3) .
Detection of resistance genes
Although isolate S1 showed phenotypic resistance to sulfonamide, sul1 and sul2 genes, which encode resistance to this antibiotic, were not detected. In the multidrug-resistant E2 isolate, sul2, strA, strB, tetA and tetB genes, encoding resistance to sulfonamides, aminoglycosides, and tetracyclines respectively, were detected (Table 3) .
DISCUSSION
This study was the first to describe the bacterial profile of a Brazilian beef jerky production plant. Thermotolerant coliforms were found on all analyzed processing surfaces, raw material samples and final product, and Escherichia coli and Salmonella spp. were also isolated from the processing surface and raw material during processing. Coliform presence was detected in all sampled processing surfaces (average 1.1 Log MPN.cm −2 ). The relevance of this result lies in the fact that the presence of these microorganisms could be associated with contamination of fecal origin and indicates lack of proper hygiene and sanitizing procedures (Zhang et al. 2016) , and these surfaces are potential sources of cross contamination to the raw and final product. According to Aantrekker et al. (2003) , the implementation of good manufacturing practices and hazard analysis and critical control pointsystem is essential to avoid cross-contamination (Gounadaki et al. 2008; Perez-Rodriguez et al. 2010 ) ensuring food quality and safety. As Brazilian legislation (Brasil 2001 ) allows a maximum of 3 Log MPN/gram of food, we believe that this value should not be exceeded in any processing steps. Contamination by thermotolerant coliforms was also detected in samples of raw material, in which counts increased over the processing steps. After marinating, cure and exposure on drying racks, the counts (3.0 Log MPN.g −1 , 2.9 Log MPN.g −1 and 2.9 Log MPN.g −1 , respectively)
were significantly higher (P < 0.05) than in the raw meat (1.7 Log MPN.g −1 ) and after cutting (2.4 Log MPN.g −1 ). Although the process of drying (90 • C for at least 40 min) provided a significant reduction (P < 0.05) in thermotolerant coliforms counts in the final product (2.1 Log MPN.g −1 ), the presence of this microbial group suggests, as stated by Raszl et al. (2001) , deficiencies during the heat treatment and/or post-process contamination. These may occur mainly through contact with the raw product or with unsatisfactorily cleaned surfaces and equipments, as well as lack of hygiene among the manipulators. Escherichia coli was isolated only in processing surface samples with average score of 1.2 Log MPN.cm −2 on the drying rack and 0.6 Log MPN.cm −2 on the production room belt. Several studies have demonstrated the transfer of pathogenic bacteria, such as E. coli, to the food in the production line (Vorst, Todd and Ryser 2006; Perez-Rodriguez et al. 2010; Papadopoulou et al. 2012) . According to Chen et al. (2001) , this microorganism can survive for various days in food handling areas. While E1 (drying rack) and E2 (production room belt) isolates had not been identified as E. coli O157:H7 and had not harbored the evaluated virulence genes (stx1, eae and hlyA), other E. coli pathotypes are also responsible for causing foodborne disease (CDC 2015) , and other genes can be involved in their virulence (Chapman et al. 2006) . E2 isolate was resistant to six classes of antimicrobial agents (β-lactam antibiotics, tetracyclines, phenicols, quinolones, folate synthesis inhibitors and aminoglycosides), characterized as multiresistant, besides presenting the resistance genes, strA, strB, tetA, tetB and sul2. These resistance determinants can be transferred to other bacteria in the beef jerky processing environment, which may negatively impact the microbiological quality of the final product, as well as the consumers' safety (Haubert et al. 2016) . According to Scheinberg, Svoboda and Cutter (2014) , Salmonella spp. is the most common pathogen associated with beef jerky food poisoning. Two different serotypes were identified in this study: Salmonella enterica subsp enterica (O:4,5), on drying rack surface (S1 isolate), in the raw material after marination (S3 isolate) and during exposure on the drying racks (S4 isolate); and Salmonella ser. Typhimurium in the raw material after cutting (S2 isolate). Salmonella enterica subsp. enterica is the most relevant subgroup in enterica species, as an important bacterial agent for foodborne disease, causing gastroenteritis and, occasionally, systemic infection in humans and animals (Maurischat et al. 2015) . Salmonella Typhimurium, from the same subgroup, is one of the most commonly detected serotypes in food of animal origin, meats and clinical isolates (CDC 2010) .
In this study, 100% (4/4) of Salmonella spp. isolates harbored the invA gene, responsible for the internalization of bacteria by stimulation of non-phagocytic cells, essential for the pathogenesis of the disease (Oliveira et al. 2003) . According to Galán, Ginocchio and Costeas (1992) , mutant strains for invA (invA − )
gene have difficulty in invading cells. Furthermore, 50% of the isolates (S1 and S3) harboring pefA gene, encoded by a plasmid, and responsible for fimbriae involved in cell adhesion (Friedrich et al. 1993) . Only S1 isolate showed antimicrobial resistance to sulfonamide, although none of the resistance genes to this antimicrobial (sul1 and sul2) have been identified, suggesting that other mechanisms are involved in the resistance phenotype of the isolated bacteria, or other non-evaluated genes are responsible for this resistance profile (Haubert et al. 2016) . Although Salmonella spp. and E. coli were not detected in the final product, the presence of thermotolerant coliforms on all processing surfaces, as well as in the raw materials, indicates hygienic-sanitary failures during the production process, increasing the risk of E. coli, the main representative of this bacterial group, and Salmonella contamination in the final product. In addition, other pathogenic bacteria can withstand the thermal process carried out during the beef jerky production, remaining viable in the final product and jeopardizing the consumer's health.
CONCLUSION
The presence of thermotolerant coliforms in all processing areas, as well as in the raw product, denotes failures in hygienicsanitary procedures adopted by the industry. The presence of pathogenic microorganisms causing foodborne diseases in the production line indicates persistent contamination in the production plant. Although the drying process applied to beef jerky should guarantee the safety of the final product, the presence of multiresistant pathogenic microorganisms, presenting virulence genes, is a matter of concern. As beef jerky is a ready-toeat product, a failure in the production process may cause such microorganisms to pose a public health risk.
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